The requirement for bacterial gene products in the growth and assembly of phages has been defined by the isolation of bacterial mutants on which wild-type phage cannot grow. Many of the mutations consist of nonlethal changes in essential genes that specify proteins such as RNA polymerase (5, 9, 12, 29) and proteins required for DNA replication (11, 13). Other mutations, such as those that block morphogenesis of phages X, T4, and T5 (14), are in genes that specify abundant proteins of unknown function (30).
The requirement for bacterial gene products in the growth and assembly of phages has been defined by the isolation of bacterial mutants on which wild-type phage cannot grow. Many of the mutations consist of nonlethal changes in essential genes that specify proteins such as RNA polymerase (5, 9, 12, 29) and proteins required for DNA replication (11, 13) . Other mutations, such as those that block morphogenesis of phages X, T4, and T5 (14) , are in genes that specify abundant proteins of unknown function (30) .
Unlike the lysis-released phages affected by the bacterial mutants described above, the filamentous single-stranded DNA phages (fl, M13, and fd) are secreted into the medium as the host continues to grow and divide. The assembly process offilamentous phages is intimately associated with the bacterial cytoplasmic membrane. The major coat protein (pVIII) and one minor (pIII) coat protein are synthesized with signal sequences (31, 37, 41) and are transmembrane proteins before they appear in phage (3, 39) . Several of the remaining filamentous phage proteins have been shown to be membrane associated (48) .
We initially set out to isolate bacterial mutants that were unable to support filamentous phage growth in the hope that signal peptidase mutants or other mutants with mutations affecting protein transport into membranes would be included in such a collection. Several mutants with mutations in at least three different genes (including rep) were isolated. However, none of these mutations appears to directly affect signal peptidase function or protein insertion into membranes. Instead, we found a mutation which appears to hinder phage assembly. In this paper we describe some of the properties of this mutant. The mutation in uninfected cells has no obvious phenotype, but mutant cells infected with wild-type phage fl at a high temperature fail to produce progeny phage. Phage mutants that can grow at a high temperature on this mutant strain were isolated and characterized. A modification of the technique of Kleckner et al. (21) that makes it possible to isolate transposons near genes for which there is no selectable phenotype allowed us to locate the mutation in a new gene, fip (filamentous phage production), at 84.2 min on the Escherichia coli chromosome.
MATERIALS AND METHODS Bacterial and phage strains. The bacterial strains used in this study are shown in Table 1 . The filamentous phage strains used were from our laboratory collection. X467 (cI857 b221 Oam29 Pam80 rex::TnS) was obtained from C. Lichten via N. Kleckner. Bacteria were routinely grown in Ty medium (24) . The growth conditions used for labeling cells with [35S]methionine have been described previously (34) .
Pl Cmr clrlOO transducing lysates were prepared and transductions were performed by the methods of Miller (27) , except that the transduction mixtures were plated onto DO salts-based (47) minimal plates supplemented with 0.2% glucose and with amino acids (50 ,ug/ml each or 0.2% Casamino Acids) and antibiotics as required. The high concentration of citrate in DO salts reduced infection of transductants by P1 on the selective plates. All unselected markers except cya were scored by standard, replicating techniques; cya was scored by colony size. Cells containing the Acya-854 allele formed very small colonies on DO saltsglucose plates. Kanamycin (Bristol Laboratories) was used at a concentration of 50 ,ug/ml, and tetracycline was used at a concentration of 20 ,ug/ml. Nitrosoguanidine mutagenesis and bacterial matings were performed by the methods of Miller (27 Bacterial colonies were streaked across a line of fl+ phage (a preparation containing 108 phage per ml, which had dried into the plate before streaking) and incubated at 42°C to assay for Fip. We found that many strains that contained useful markers were poor fl indicators at 42°C. Thus, markers were first introduced into strain K38, and fip was mapped with respect to these markers in a uniform genetic background in cells that propagated fl well at 42°C.
Sample preparation and electrophoresis. Sample preparation and sodium dodecyl sulfate-polyacrylamide gel electrophoresis of [35S]methionine-labeled cell proteins were performed as described previously (2, 22) . Synthesis of fl single-stranded DNA and double-stranded replicative-form (RF) DNA was measured in whole-cell lysates by the modification of the procedure of Twigg and Sheratt (44) described by Lerner and Model (23) . Gels were stained in 0.5 ,ug of ethidium bromide per ml after electrophoresis and destained in water.
DNA manipulations. Phage RF and plasmid DNAs were isolated by a modification of the method described by Davis et al. (6) for plasmid isolation from 10-ml cultures. Treatment with diethyl oxydiformate was omitted. The supernatant collected after heating to 70°C was brought to 10% polyethylene glycol and 0.5 M NaCl, incubated at 4°C for 2 to 4 h, and centrifuged. The resulting pellet was suspended in 0.3 ml of 10 mM Tris-hydrochloride (pH 8)-10 mM NaCl-0.2 mM EDTA and incubated with 30 ,ug of pancreatic RNase per ml at 37°C for 60 min. The DNA was extracted with 0.3 ml of phenol that had been freshly saturated with 0.02 M sodium borate (pH 8), and the DNA was precipitated twice with ethanol. DNA digestions by restriction enzymes and ligations were performed as suggested by the manufacturers. Singlestranded DNA was prepared by extracting phage twice with phenol that had been freshly saturated with 0.02 M sodium borate (pH 8) and then precipitating the DNA twice with ethanol. DNA sequence analysis was performed by the dideoxy method of Sanger et al. (36) .
Marker rescue. Single-stranded DNA was prepared from amber mutant phage stocks in which the frequency of amber' revertants was less than 1o-4. Singlestranded DNA (3 pg) was mixed with gfip RF DNA (1 ,ug) that had been digested to completion with an appropriate restriction enzyme in 80 ,ul of DNA buffer (10 mM (27) . After Characterization of fip mutant cells. The efficiency of fl plaque formation on the fip mutant at 34 and 37°C was identical to the efficiency of fl plaque formation on the wild-type E. coli strain from which the mutant was derived; at temperatures, above 42°C, the efficiency was less than 10-6. Phage production was measured in flinfected strain A95 (fip) and A96 (fip+) cells grown at 34 or 41.5°C ( Fig. 1 ). At 34°C, the rate of phage production was essentially identical for the two infections. Filamentous phage production is intrinsically somewhat temperature sensitive (e.g.,fip+ at 34 and 41.5°C); however, at the high temperature the fip culture produced no detectable progeny phage. Figure 2 shows that the defect in fl phage production was readily reversible; strains A95 and A96 were grown and infected at 34°C and then shifted to 41.5°C ( Fig. 2A and B) or grown and infected at 41.5°C and then shifted to 34°C ( Fig. 2C and D) . Phage production in the mutant cells stopped within about 1 min of the temperature shift to 41 .5°C, and it resumed rapidly after the shift to 34°C. We infer from this result that the block in fl phage production observed infip mutant cells at the high temperature was not simply due to an indirect effect of irreversible membrane deterioration or of cell death.
At what level does fl phage production fail in fip cells grown at the nonpermissive temperature? fip+ and fip cultures were infected with R12, an fl mutant blocked in assembly, so that no phage production occurred in the control culture, and DNA was isolated as described previously (23) . Figure 3 shows the phage RF DNA and single-stranded DNA synthesized in infected fip and control cells grown at 42°C. The intracellular pool of single-stranded phage DNA was barely detectable in either infection at this temperature, as has been shown previously by Timmis and Marvin (43) . The levels of phagespecific DNA were comparable in the two infections; the block in phage production (more than 100-fold [ Fig. 1] ) cannot be accounted for by an effect on synthesis of phage RF DNA or singlestranded DNA. (37, 41) . The proteins detected after the 1-min labeling experiment described Inserted amino Strain acid Kb 0 above were the processed species. The signal peptidase is believed to be on the outer face of the inner membrane, because several mutant precursor proteins, which are incapable of being inserted into the inner membrane, accumulate in vivo, although they are processed when the insertion defect is suppressed (8) . Thus, the block in phage production observed infip bacteria must not be due to a failure to properly insert proteins into the membrane. The results of NaOH fractionation experiments (35) (data not shown), in which the major coat protein (pVIII) was recovered in the pellet, support the conclusion that protein insertion into the membrane occurs normally in fip mutant cells.
To determine whether noninfectious phage particles were produced at a high temperature in fip bacteria, phage lysates were prepared from mutant and control cells that had been infected by fl+ phage and grown at 41 R237 consists of a two-amino acid insertion (Asn-Ser), and R226, R250, and R248 consist of a Tyr insertion; the locations of these insertion mutants are defined by the loss of particular restriction sites (2) . The locations of the amber mutations indicated by a line (R2 and R6) are derived from DNA sequence information, and the approximate locations of R14 and R3 (given in parentheses) are based on marker rescue experiments with purified restriction fragments (33) . The mutant phages were diluted and spotted onto plates seeded with the bacterial strains indicated. Kb, Kilobase. (34) , a slowing of precoat protein processing has been invariably associated with failure to extrude particles (19) . Presumably the accumulation of large amounts of the major coat protein in the membrane alters the capacity of the cell to process the preprotein at maximal rates. Infection with mutant phage, which leads to the formation and extrusion of noninfectious particles, does not show the processing delay (19) . We tested the ability of mutant phage to grow on fip strains under semipermissive conditions. Mutant phages (containing an amber mutation in one of the nine phage genes) were plated at 37°C on strain K37 (supD) and on strain A130, a fip derivative of strain K37. Amber mutants in genes II through IX plated with equal efficiency on strain K37 and its fip derivative. However, R2, a gene I amber mutant, did not; the efficiency of plating of this mutant (about 10-6) was similar to the frequency of amber' revertants in the stock, and, indeed, the plaques obtained on strain A130 were revertants. A series of gene I amber mutants and one or two codon insertion mutants in gene I (4) were tested for the ability to plaque at 37°C onfip+ andfip strains containing various amber suppressors (Fig. 6 ). Failure to plaque on the fip strain at 37°C was allele specific and suppressor specific. For example, R2 failed to plaque on the serine-inserting fip strain (strain A130) at 37°C, but did plaque on the glutamine-inserting (strain A131) and tyrosine-inserting (strain A132) derivatives; R14 and R6 plaqued on strains A130 and A131, the serine-and glutamine-inserting fip strains, but not on strain A132, the tyrosine-inserting derivative. The most C-terminal gene I amber mutant, R3, plated on all three suppressor-containing fip strains. The gene I amber mutants plaqued at near-normal efficiencies on these strains at 34°C, although the plaques were smaller and more turbid than the plaques on the fip+ suppressor strains. Figure 7 shows the rates of phage production of gfip-and fl+-infected fip+ (Fig.   7A ) and fip (Fig. 7B) Fig. 8 were determined by replicating plaques on strains K37 (supD) and A130 (supD fip) at 42°C. The fraction of gfip phage among the progeny from the mixed infection of fip+ (0.17) or from fip (0.25) was similar to the input frequency (0.22). Thus, the gfip mutation acts in trans to allow phage produiction infip cells at the nonpermissive temperature.
Mapping the gjfip mutation. The frequency ,of filamentous phage recombination is low, and it is difficult to distinguish recombinants from double-length phage that contain two phage genomes (25) . Therefore, as an initial attempt to map the gfip mutation, we constructed recombinants in vitro. Double-stranded RF DNA was prepared from a gene VII-gene IV double amber mutant phage and from gfip phage. Each RF DNA was digested with restriction enzymes AsuI and BamHI. These enzymes cleave fl RF DNA once, and the cleavage sites are located at opposite positions on the circular genome, generating two fragments of approximately equal length. As shown in Fig. 9 , the gene VII amber mutation is in one of these fragments, whereas the gene IV lesion is in the other. The fragments from both RF DNAs were mixed and ligated, and the ligated DNA was used to transfect permissive (supD fip+) bacteria. Individual transfection plaques were tested for each marker by using standard complementation techniques. under conditions of single-strand DNA excess, the fraction to which more than one restriction fragment hybridized would be low; thus, simul- (36) . Four independent gfip isolates contained the same adenine-to-thymine transversion at nucleotide 3,619. This mutation (AAT to TAT) changed amino acid 142 in gene I from asparagine to tyrosine. This was the only change detected in the more than 200 bases sequenced. Interestingly, this is the site of the only amino acid difference in gene I between fl and its close relative, M13; the M13 codon, CAT, specifies histidine (1, 16) . Another related filamentous phage, fd, also codes for histidine (CAC) at this position, although two additional differences within gene I distinguish this phage from fl and M13 (1, 16) . We wanted to determine whether wild-type M13 and fd grew onfip bacteria at the nonpermissive temperature. Both phages formed small, turbid plaques on strain K569 at 42°C, and the phage yields in experiments similar to the experiment shown in Fig. 7 dently isolated TnS insertions nearfip (i.e., from strains A20 through A27) were similarly used to transduce strain K815 to Kanr ( Table 2 ). The TnS insertions from five of these strains (those containing zid-2, -3, -5, -6, and -7) showed reduced linkage to cya, and they did not bring in metE+ at all. Thus, these insertions are located on the cya side of the cya-metE interval. One insertion (zie4) was more tightly linked to cya; Kanr metE+ cotransductants were obtained, and they were all cya+. Thus, zie4::TnS must be closer to cya than the insertions which do not bring in metE, but must still be outside the interval. The pattern was different for insertions zie-l, -8, and -9. These insertions were closely linked to cya, but Kanr transductants that were cya acquired the metE+ allele at appreciable frequencies. Thus, these TnS insertions occurred within the cya-metE interval. An approximate map of these insertions, based on data presented in Tables 2 and 3 show that Kanr and Fip-segregate independently after selection for Ilv+, indicating that they lie on opposite sides of ilv. The fip gene can be located within the zid-6-cya interval and outside the zid-6-ilv interval only if the gene order is zid-6-ilv-fip-cya.
The map position of fip was defined more precisely with the Ad ilv transducing phage isolated by Jorgensen et al. (20) (10, 38, 40) . Tyrosine, but not serine, suffices for R2 to grow on fip, although both supD and supF are efficient suppressors in many contexts (10, 38, 40 relationship between the function of the phage gene I product and the bacterial fip product. These allele-specific effects suggest that the gene I and fip products interact to promote filamentous phage assembly.
We know nothing of the role of the gene I protein in phage assembly, except that phage DNA synthesis and gene expression occur but no phage particles are produced (32) . This protein has not been detected in vivo, and only very small amounts are synthesized in vitro (18, 28) . Further characterization of the fip gene product, of gene I protein, and of the gene I mutants that overcome the fip assembly defect should provide a means to begin to understand how filamentous phage assemble in the cytoplasmic membrane and how they are extruded from living cells.
